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Abstract
In proton exchange membrane fuel cells (PEFCs), the catalyst and electrolyte loading have
been shown to have an important effect in the performance and efficiency of the device.
On the contrary, literature analyzing the effect of the fabrication method, catalyst and
ionomer loading in proton exchange membrane electrolysis (PEME) scarce. The focus of
this research is an empirical study of the catalyst and electrolyte loading on the anode of
a PEME manufactured using an inkjet printer. Characterizing the effect and interaction of
both parameters will help to optimize the fabrication of the membrane electrolyte assembly
(MEA). Results show a best performance using 2%wt Nafion R© while 1.5 mg IrO2/cm2
catalyst loading. A voltage of 1650 mV at 1A/cm2 and 1760 mV at 2A/cm2 were achieved
for an anode loading of 1.1 mg IrO2/cm
2. Decreasing the drop size in the printing procedure
leads to a greater thickness of the electrodes and a better performance of the cell. Using this
new printing method, the efficiency of the PEME was improved from a 70.8% to a 74.4% at
1A/cm2 using the same amount of catalyst.
Keywords: polymer electrolyte membrane, electrolyzer, electrolysis, degradation, catalyst
coated membrane, inkjet printing.
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Chapter 1
Introduction
1.1 Motivation
The world currently facing many critical problems, among them we can find overpopulation
and an unsustainable energy system. As of March 2016, human population was estimated
to be 7.4 billion[6]. The United Nations believes it will increase to 11.2 billion by the year
2100 [6]. Each one of the inhabitants of this planet expects to have access to clean water,
electricity and mobility. All of which are provided by our energy system which is based on
fossil fuels. As a result, it is unsustainable and contributes to climate change.
Renewable energies are considered the best means by which to solve the second problem.
Due to the increasing proliferation of renewable energies, and the intermittent nature of wind
and solar power sources, the need for energy storage has never been so pressing.
Hydrogen presents great properties for storing energy coming from renewable and in-
termittent power sources. With the growing capacity of localized renewable energy sources
surpassing the gigawatt range, a storage system of equal magnitude is required. PEME
provides a sustainable solution for the production of hydrogen, and is well suited to couple
with energy sources, such as wind and solar.
However, in the last century, little research has been done on proton exchange membrane
electrolysis with many challenges still unexplored. Decreasing the cost and improving the
efficiency could lead to an increase of the use of this technology.
New technologies developed in the last years can be of great help for a better under-
standing and developing polymer electrolyte electrolysis cells. These are the main aspects
that motivate a further research in this field.
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1.2 Aims of the Research
Several studies have shown that 50% of the cost of an electrolyzer is due to the cost of
the novel metals used as catalyst [7]. The price of a PEME is one of the drawbacks of
this technology. Reducing the cost could lead to an increased use. Therefore, the aim of
this thesis is to optimize the electrode composition and fabrication method to decrease the
amount of novel metals used.
Using a inkjet printer, rather than other fabrication techniques as Dr.Blade, gives a better
control of the loading (amount of catalyst). The use of this fabrication method allows us to
have a better regulation in the deposition of the catalyst particles, which play an important
role in the efficiency.
1.3 Hydrogen Situation
1.3.1 Introduction
Hydrogen is the lightest element and the most common in the cosmos constituting roughly
75% of all baryonic mass [8]. While hydrogen fills stars and gas planets in the outer space,
here on Earth, it is rarely in a naturally free state. Rather, it is bonded to other elements. For
example, when combined with oxygen, it forms water. Hydrogen gas is colourless, odourless,
tasteless and non-toxic.
Hydrogen gas was first artificially produced in the early 16th century by the reaction of
acids on metals. In 1766-81, Henry Cavendish was the first to recognize hydrogen gas as
a discrete substance [9]. He also showed that hydrogen produces water when burned, the
property for which it was later named. In Greek, hydrogen means “water-former”.
Hydrogen gas is highly flammable and will burn in air at a very wide range of concentra-
tions between 4% and 75% by volume [10]. The enthalpy of combustion is 286 kJ/mol [11].
These properties makes the storage of hydrogen a complicated process to guarantee security.
Nevertheless, many applications of this element have been found over the years.
1.3.2 Hydrogen Applications
Nowadays hydrogen is used in many different fields. The largest application of H2 is for
processing fossil fuels and for the production of ammonia. A brief analysis of the actual uses
is explained below.
About half the hydrogen produced is used in the Haber process to produce ammonia
(NH3) with a final use as a fertilizer. The growing population and intensive agriculture are
causing an increase in the ammonia demand. Roughly, the other half of the current hydrogen
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produced is used to convert heavy petroleum into lighter fractions suitable for use as fuel,
this process is called hydrocracking [12]. Hydrocracking represents an even larger growth
area, since rising oil prices encourages oil companies to extract poorer source material, such
as tar sands and shale oil.
At a reduced scale of consumption, other applications can be found at the present time.
In the food industry, H2 is used as a hydrogenating agent to increase the level of saturation
of unsaturated fats and oils, such as margarine. In the process of methanol production,
carbon monoxide and hydrogen react over a catalyst to produce methanol. Hydrogen is
used as a reducing agent of metallic ores. In physics and engineering we can also find many
uses of this element. Some examples are shielding gas in welding methods such as atomic
hydrogen welding. Rotor coolant in electrical generators at power stations using the highest
thermal conductivity of this gas. Liquid hydrogen is used also in cryogenic research, including
superconductivity studies. It was once used as a lifting gas in balloons and airships.
Finally, it is worth mentioning that needs to be mentioned that the growing market of
fuel cells vehicles, sucha as Toyota Mirai, could be a relevant font of consumption of hydrogen
in the next years. Due to the elevated purity required for this technology, proton exchange
membrane electrolysis could suit these necessities.
1.3.3 Hydrogen Production
Manufacturing elemental hydrogen requires the consumption of a hydrogen carrier such as
a fossil fuel or water. According to the U.S. Department of Energy, only in 2004, 53 million
metric tons of hydrogen were consumed worldwide. Hydrogen production is an estimated
100 billion industry [13].Although many different ways of producing hydrogen are used in
the present, today’s hydrogen is mainly (≈ 99%) produced from fossil sources (48% from
natural gas, 30% from oil, and 18% from coal)[14]. Steam reforming of natural gas is the
most common technique used. At high temperatures (700 − 1100◦C) steam reacts with
methane to yield carbon monoxide and H2. Therefore, the water shift reaction then converts
the carbon monoxide into carbon dioxide.
There is a small quantity produced by other routes such as electrolysis of water and
biomass gasification. In biomass gasification, organic based materials are converted into
carbon monoxide, hydrogen and carbon oxide. This is achieved by reacting the material
at high temperatures (> 700◦C), without combustion, with a controlled amount of oxygen
and/or steam. The resulting gas mixture is called syngas. The benefit of this process
is that the syngas is potentially more efficient than direct combustion of the original fuel
[15]. Water electrolysis only accounts for the 4% of the total hydrogen production [16].
Four types of electrolyzers are currently in use. Alkaline, acid, solid oxide and polymer
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electrolyte. Despite the fact that acidic electrolysis water technology was the first method
used, alkaline is preferred nowadays since controlling the corrosion is easier and cheaper
construction materials can be used [17]. In recent years, new methods like proton exchange
membrane or steam electrolysis have been developed showing promising efficiencies [18].
1.3.4 Hydrogen Storage and Batteries
Renewable energies such as wind and solar (non-hidro) have vast potential to reduce de-
pendence on fossil fuels. The variability and uncertainty of this power sources leads to a
dependence on energy storage systems. Water pumping systems are used as a way to storage
energy with high efficiencies. In contrast, the specific geography required restricts the use of
these systems to large-scales. Presently, the most common systems to control the grid are
combined power cycle plants that can start and stop relatively easy.
Batteries systems present relative simplicity compared to a hydrogen storage system.
The main problem is the low power it can storage/supply in short periods, in other words, a
low power density [19]. Sodium-sulfur (Na/S) batteries are suitable for large-scale stationary
energy storage applications. Table 1.1 shows the properties of a commercial battery.
Table 1.1 – Sodium-Sulfur battery [1]
Technology Capacity Power %Efficiency Fix cost Variable Cost
(MWh) (MW) (total cycles) ($/kW) ($/kWh)
Na/S 7.2 1 75 (4500) 3200-4000 445-555
Regarding hydrogen systems, an electrolyzer is required altogether with a compressor, a
thank storage system, and a fuel cell. The efficiency of an electrolyzer can be up to 98% [20].
The compression efficiency is close to 70%, and the cost of storage is far less expensive than
a battery. Using tanks, hydrogen can be stored for $2.00/kWh [21]. Finally, to reconvert
the H2 to electricity a fuel cell is used, with an efficiency close to 68% [20].
Due to the complexity of these systems, it is difficult to get clear idea of which of the
mentioned systems can offer a best performance. Underestimating the prices of the systems,
in terms of efficiency, a typical litium-ion battery can offer an 80 − 90% efficiency in the
overall cycle compared to a 30% for the round-trip in a hydrogen system [22]. Even so, the
energy stored on investment is higher for hydrogen systems. Furthermore, in pics of electrical
overproduction, hydrogen provides an energy return similar to batteries [22]. An increase on
the wind power production could lead hydrogen systems to a larger application.
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1.4 PEM Electrolysis Background
1.4.1 Introduction
Polymer electrolyte membrane electrolysis is a technique of splitting water into hydrogen
and oxygen by means of two electrochemical reactions separated by a gas impermeable solid
polymer membrane. This polymer membrane is proton (H+) conductive but does not allow
the electrons (e−) and gas to cross it. The anode is placed in one side on the membrane
while the cathode is in the other side. Applying a potential in between the two faces, the
water molecules are oxidized to protons and oxygen. The protons in the anode are forced in
the anode to cross the membrane while oxygen molecules are recombined to create oxygen
gas. Electrons are released at the same time. The water oxidation reaction in the anode is
then:
2H2O −→ 4H+ + 4e− +O2 (1.1)
The electrons escape through the current collectors. In the cathode, protons arrive
through the polymer membrane while electrons arrive through the current collectors. They
recombine to produce hydrogen gas. The reduction reaction in the cathode is then:
4H+ + 4e− −→ 2H2 (1.2)
Finally the overall reaction in the cell is:
2H2O −→ 2H2 +O2 (1.3)
To get a first general idea of the functioning of the electrolysis cell a short explanation is
presented bellow. Figure 1.1 shows a sketch of the electrolyzer operation. In section 1.4.2 a
more detailed explanation of the different parts and functions is exposed.
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Figure 1.1 – Electrolyzer cell diagram
In summary, water enters the cell through the anode bipolar plate. The water crosses
over the GDL and humidifies the catalyst layer. Some water is split in protons, electrons
and oxygen. The leftover water gets out of the cell through the anode bipolar plate outlet,
altogether with the oxygen produced. The protons cross the polymer membrane, while the
electrons scape through the current collectors. In the other side of the cell, electrons are
applied using the cathode current collector can cross the cathode bipolar plate. When they
arrive to the cathode catalyst layer, they come across with the protons, forming hydrogen,
which crossing the GDL, arrives to the channels of the cathode bipolar plate and gets out of
the cell. A short introduction of the different parts is presented in the next section.
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1.4.2 Parts of a PEM electrolyser
Figure 1.2 represents an explosion view of the used cell. It is necessary to say that in really
a stack formed by different cells compose an electrolyzer. However, due to the high costs, a
single cell was used in this thesis.
The core of PEM electrolyzer is based on a polymer electrolyte membrane. Usually
a perfluorosulfonate polymer membrane is used due to the high mechanical and chemical
stability. Along the thesis a commercial Nafion R© 211 membrane developed by DuPont R© was
used. With a thickness of 25.4µm, this membrane, presents low ohmic resistance . At the
same time it presents high proton conductivity and low hydrogen permeability.
Figure 1.2 – Explosion view of the different parts of the PEME used
The membrane is covered by the electrodes. In one face of this membrane we can find
the anode while the cathode is placed in the other side. Nobel catalysts are used in both
cases to produce the electrodes. The membrane, altogether with the electrodes is called the
membrane electrolyte assembly (MEA). See fig 1.2.
To evenly distribute the reactants to the electrode and increase the contact area between
the reactants and the catalysts, gas diffusion layers (GDL) are placed between the bipolar
plates and the electrodes. The high porosity and diffusivity of the GDL helps the reactants
to reach all the parts of the electrode (not only in the land area of the bipolar plates). At
the same time, it helps to evacuate the products of the reaction. The materials of the GDL
must be conductive and resistant to corrosive environments in the anode. Thus, the GDL in
the anode side is made of titanium while the GDL in the cathode is made of carbon. In order
7
to eliminate any possible gas leakag, 10µm silicon gaskets are used in between the bipolar
plates, anode and cathode.
In contact with the gas diffusion layers we can find the bipolar plates. They help to
feed and release the reactants from the cell. These plates contain channels for the mass
transport. Different types and shapes can be used. For the main part of this thesis, grid-
type channels have been used. In Figure 1.3 different plates are represented. Due to the
corrosive environment in the anode, the bipolar plate is made of titanium. In the cathode
a graphite serpentine plate was used. Since the MEA fabricated in this thesis are tested
individually and not as a stack, only two bipolar plates are used in the testing device.
Figure 1.3 – Representation of the different bipolar plates
Attached to the bipolar plates we can find the current collectors. These collectors work
as an inlet and outlet for the electrons in the reactions. It is the part of the electrolysis cell
were we apply the current.
Finally two ending plates are used to maintain appropriate pressure and keep the dif-
ferent parts together. They are also the responsible of the water and gas inlet and outlet
connections. To keep the electrolyzer in a constant temperature the end plates are heated
at 80◦C and maintained at this temperature by means of a thermal controller, a thermal
resistor in the plates, and a thermocouple to measure its temperature.
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1.4.3 Thermodynamics of the reactions
To better understand better the functioning of a PEM electrolyser, the thermodynamics of
the reaction are first described. As per the second law of thermodynamics the total enthalpy
variation (∆H) of the reaction is the Gibbs free energy variation (∆G) plus the entropy
variation (∆S) times the temperature (T ).
∆H = ∆G+ T∆S (1.4)
To determine the minimum necessary cell voltage the Gibbs free energy of the reaction
must be known. The overall reaction taking place is:
H2O −→ H2 + 1
2
O2 (1.5)
The Gibbs free energy can be obtained as [23]:
∆S = SH2 +
1
2
SO2 − SH2 (1.6)
∆H = HH2 +
1
2
HO2 −HH2 (1.7)
∆G = ∆H − T∆S (1.8)
Assuming no irreversabilities and assuming all of the thermal energy is utilized by the
reaction we obtain the open cell voltage based on the lower heating value (LHV) as:
E ′0 =
∆G
2F
(1.9)
where 2 is the number of electrons and F the Faraday’s constant.
Assuming that all of the energy is supplied by electrical energy, the open cell voltage for
the high reversible cell voltage (HHV) is:
E0 =
∆H
2F
(1.10)
Using equations 1.6 to 1.8 enthalpy and Gibbs free energies are 285.8kJ/mol and 237.2kJ/mol
respectively. Using these values and equations 1.9 and 1.10 we obtain an open cell voltage
of 1.23V (LHV) and 1.48V (HHV).
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1.4.4 Voltage Losses
The typical way to compare the performance in electrolysis cells is by plotting their polar-
ization curves. The polarization curves represent the necessary voltage to ensure a given
current density to produce hydrogen in the electrolyzer. Assuming no loses, the cell voltage
should remain at 1.48V for different current densities. The reality is that different types of
losses affect the process. The losses can be describe as:
• Activation losses
• Ohmic loses
• Mass transport losses
Due to the nature of this losses, each one has a larger effect in a different part of the
polarization curve. The easiest behaviour losses to understand are the Ohmic losses, they
are proportional to the current such that the higher the current bigger the ohmic loses are.
Figure 1.4 – Representation of the losses
The activation losses take into account the kinetics of the charge transfer reaction. Finally
mass transport losses have a relevant effect at high current densities when the mass flows
are large. To understand the results, Figure 1.4 gives us an idea of such effects. Thus we
can describe the cell voltages as:
Vcell = Eo + ηact + ηohm + ηmass (1.11)
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Chapter 2
Experimental Process
During this thesis, proton exchange electrodes for electrolysis were fabricated and tested
using the processes developed at the ESDLab. The procedures are briefly described below.
2.1 Ink Fabrication
As mentioned before, for the fabrication of the electrodes, an inkjet printer was used. This
process requires to have the catalyst and electrolyte in a solution or ink. Ethylene glycol,
propylene glycol and isopropanol were used as solvents in different compositions following
the standard ESDLab formulas (SOP Electrolyzer).The cathode ink fabrication methodology
is reported by Shukla et al.[24]. The platinum content in the cathode ink was 40% wt
and supported on carbon black. For the anode, different inks with different electrolyte
content were prepared for the different studies (see section 3.1. Pt (catalyst) and Nafion R©
(electrolyte) were used for the cathode while IrO2 (catalyst) and Nafion
R© (electrolyte) for
the anode. The iridium oxide powder used was 99% wt pure while the Nafion R© solution
used was 5% wt. Thus, to obtain the relation in between the amount of IrO2 and Nafion
R©
solution the following equation was used:
mg IrO2 powder =
mg Naf. Solution× 0.05
Naf. Compsition Desired
−mg Naf. Solution× 0.05 (2.1)
To obtain the iridium oxide composition (IrO2 %wt) respect to the total mass of the
electrode equation 2.2 was used. This value will be necessary to characterize the catalyst
loading of the anode electrode after the printing process since a balance is used to obtain
the total electrode mass.
IrO2%wt =
IrO2 mass
Total electrode mass
=
mg IrO2 powder × 0.99
mg IrO2 powder +mg Naf.Solution× 0.05 (2.2)
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Using equation 2.1, the Nafion R© solution necessary for 44.7 mg of iridium powder was
calculated. Using equation 2.2 the iridium mass percentage was found. The different ink
compositions (without the solvents) can be summarized in table 2.1.
Table 2.1 – Anode inks compositions
Naf.Compo. [% wt] 2% 5% 10%
IrO2 powder [mg] 44.7 44.7 44.7
Naf.Solution [mg] 18.25 47.05 99.33
IrO2comp. [% wt] 97.02 94.05 89.10
To mix the different components and dissolve the catalysts, different sonication proce-
dures were carried out. The main goal of this process is to obtain the smaller particles size
possible and at the same time a homogeneous ink. This will help in the printing process and
might also have effect on the performance of the reactions.
2.2 MEA Fabrication
To produce the membrane electrolyte assemblies, different steps were carried out. First,
anode and cathode were printed on a Nafion R© membrane forming a catalyst coated membrane
(CCM). Then the CCMs were laminated. Finally, the samples were hot pressed with the
GDLs. These three processes are as follows:
For the printing process a Dimatix Fujifilm R© inkjet printer was used. A delay of 55s in
between layers was found to be enough for printing over a dried surface. The head of the
cartridge was cleaned every 60 seconds of functioning (cleaning cycle) for new cartridges and
30 for old ones. 5 cm2 samples were prepared. The bed of the printer was configured at
60◦C while the cartridge temperature was at 32◦C. Since the cathodes were the same for all
the samples prepared, it was the first electrode printed. To dry the its layers, the CCM was
left overnight at room temperature. Once the cathodes were dried the anodes in the other
side of the membrane were printed and dried following the same process.
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Figure 2.1 – Dimatix Fujifilm inkjet printer
After the printing process, the CCM was laminated to enhance the rigidity of the MEA
and facilitate the assembly. A Swingle R© GBC R© Fussion 1000L was used for the lamination.
The effect of laminating the sample before printing was not studied. Lastly, the samples
were hot pressed. This process improves the contact between the catalyst coated membrane
and the GDL. In addition, several studies reveal that the performance increases while hot
pressing the samples [7]. A Carver R© model 3912 was used. The samples were hot pressed
at 400 psi and 80◦C during 30 min. After this process the membrane electrolyte assembly
(MEA) can be tested.
2.3 Testing Procedure
2.3.1 Introduction
To characterize the performance of a PEME the most common technique is to plot the
polarization curve. In this plot the curve voltage vs current density is represented. In
the same way an electrical engine can be characterized for his voltage-current curve, an
electrolyzer can be characterized with the polarization curve. To obtain this plot we need
the performance at different operating points. While changing the current applied to the
cell, there is a transient until the voltage remains steady. It was estimated that 2 min was
enough. This is discussed further on in section 3.3.2, since a degradation over time was
found. It is necessary to say that before running each test, the sample was conditioned
during 15 min at 0.1, 0.5, 1, 5, 0 A what adds up to a total of 1h 15min. Figure 2.2
represents such procedure.
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Figure 2.2 – Conditioning procedure
As seen in section 1.4.4 the initial part of the polarization curve is of great importance,
where the activation losses take place. For higher current density the main losses are ohmic,
consequently the curve is nearly straight. A power supply BK Precision R© model 1688B3 (±
0.2% + 3 counts) was controlled with the computer to input different values of current. The
voltage in the cell was measured with a multimeter Amprove DM9C with a precision of ±
(0.8% rdg +3 dgts). At the same time, the voltage was recorded into a computer by means
of an Arduino Uno. A total of 20 data points were taken for each polarization curve. From 0
to 1A a data point every 0.1A was recorded. From 1A to 10A a point every 1A was recorded.
Thus, from 0 to 0.2 A/cm2, ten points were taken, and ten more from 0.2 to 2 A/cm2. This
process was repeated three times, 3 ’runs’ following the same procedure. Between runs we
waited for 5 min at 0 A to remove any residual gas from the cell. Due to the thin membrane
used, the performance at currents densities over 2 A/cm2 was not studied. A result of a test
can be seen further on in Figure 3.4. In this plot we can appreciate the different data points
recorded and the different ’runs’ performed.
2.3.2 Experimental Set-Up
The experimental set-up used in this thesis constitutes of different parts. A schematic
diagram of it is shown in Figure 2.3. The PEM electrolyzer is the core of the experiment.
Water is provided to the anode of the cell via through a closed water circuit. A peristaltic
pump Gilson R© supports the anode side with the requested amount of water. A thermal hot
plate (Fisher Scientific R© 11− 100− 16H) is responsible for maintaining the temperature of
the water constant at 80◦C.
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Figure 2.3 – Set-up diagram
On the cathode side the hydrogen outlet is connected to the exhausted gases ventilation
system. In order to supply power to the electrolyzer, a power supply controlled by the
computer was used. For reading the voltage, a multimeter and an Arduino were used.
To keep constant the temperature of the PEME a thermal regulator/controller OMEGA R©
model CN414−R1−R2 is connected to the cell and configured at 80◦C. Figure 2.4 shows
a picture of the cell used.
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Figure 2.4 – Image of the cell and connections
2.3.3 Automating the Process
To test all the samples in the same way, automatizing the testing process was considered
of great importance. Using the commercial software of the power supply was refused. Con-
versely, a tailor-made software to monitor both power supply and voltmeter was developed
using python. The benefits were to obtain current and voltage within a single software, an-
alyze data in accordance with our needs, and gain flexibility to monitor future new devices
to the set-up.
Automating the set-up provides significant improvements. Using the developed software,
data can be stored every second, allowing us to observe transients and different phenomena.
It reduces the human errors obtaining more reproducibility. In addition, and not less impor-
tant, it saves time for the person testing the samples. Finally the flexibility of this software
allows you to perform both testing and conditioning procedures.
In order to read the voltage, an Arduino was found to be the best option. It is economical
and the precision of this microcrontroler was considered to be enough. Three different
implementations were made to get a more precise voltage value:
• In first place, a 10 bit analog to digital converter is integrated in the device. The
default configuration for the input of this converter is 0 to 5 V. Since the range of
operation of the cell is 1.4 to 3 V at most, the precision could be improved by using
the 10 bits data in a smaller range. The Arduino Uno has a Aref pin in its board.
The Aref pin allows to input a new reference voltage to the Arduino. Since the
same microcontroler has a 3.3 V output(actually 3.307V in our microcontroller),
it was connected to the Aref input. In such a way, the default range of the analog
to digital converter was modified from 0-5V to 0-3.3V.
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• To further improve the precision, doing the average of 400 values during a second
was found to give a better lecture (closer to the multimeter value).
• Finally, the error with the multimeter lecture was studied (see Figure 2.5). It was
found to be linearly dependent to the voltage. Applying this final correction, the
deviation respect the multimeter was ± 1mV.
Figure 2.5 – Error respect the multimeter
A recalibration of the microprocessor was necessary every several weeks of using it. For
this reason a multimeter was used in all the tests to check a possible error. Figure 2.6 shows
the code used to implement all this corrections in the Arduino.
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Figure 2.6 – Arduino code
2.3.4 Graphic User Interface
To control the testing procedure automatically in a flexible way it was decided to develop
a versatile graphic user interface. Python, due its friendly environment, was the language
selected.
With the GUI we can activate up to 20 different steps. For each step the current and
time can be set. On Figure 2.7 there is an image of the software developed for this task.
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Figure 2.7 – Graphic user interface of the Electrolyzer Software developed
The software allows us to repeat a defined process for a certain amount of times pre-
defined (number of loops). All this flexibilities allows us to perform distinct test using the
same software. Some examples would be doing a conditioning, studying the steady state,
realizing a conditioning or what goes without saying, performing a test.
Internally, the software uses two different threads. One thread controls the power supply,
while in the other thread the voltage is read from the microcontroller every second. At the
same time, with this second thread, the GUI displays are actualized every second. In such
a way, the voltage, current and time can be visualized in real time.
Finally, with the button Get Data, two excel files are created. In the first one, the overall
values of current, voltage and time at each second are presented in 3 different columns. In
the second excel file, the analyzed data is stored. An average of the voltage value of the last
10 seconds of each step is stored in a column for every single loop.
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Chapter 3
Results and Discussion
3.1 Introduction
Several studies were performed along this thesis.
In first place, we studied the effect of different operating conditions. The aim of this
study was to obtain a better understanding of the system. It involved:
• Studying the performance over time (degradation)
• Testing the effects of the feeding system
In second place, we studied the effect of the catalyst and electrolyte loading in the anode.
In order to understand the both effects, a 23 experiment design was realized. It was decided
to study the performance at 0.5, 1,1 and 1.7 mg IrO2/cm
2 which corresponds to 10, 17 and
25 layers with the printer. In turn, to study the electrolyte loading, three different inks with
2% wt, 5% wt and 10% Nafion R© content were studied. To decide the lavels of the factors
different tests were performed (printing Ir02 with 0% Nafion content was not achieved since
the nozzles of the printer were blocking. A bigger particle size could be the cause). Table
3.1 shows the different samples prepared.
Table 3.1 – Experiment design
Electrolyte[% wt] 2 % 5 % 10 %
10 Layers (Low loading) X X X
17 Layers (Medium loading) X X X
25 Layers (High Loading) X X X
For each of the samples 2 replicas were fabricated and tested. In this way, both catalyst
and electrolyte effects can be studied and observe if the results are consistent. At the same
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time, the interaction of the mentioned factors can be identified. The loading in the cathode
remained constant at 1 mg Pt/cm2.
Thirdly, we studied the effect of the printing process. Duet to the IrO2 particle size, the
cartridge nozzles get easily clogged and blocked. It makes difficult to obtain an accurately
same printing process. In this study, the effect of the printing process was tested.
3.2 Characterization
In order to characterize the samples fabricated different techniques were used. The charac-
terization plays an important role to understand how the different fabrication parameters
affect the electrodes. This methods are briefly explained.
First of all, to characterize the loading, two samples were printed in all the cases. One
over a Nafion R© membrane and one over aluminum foil. In such a way, the foil was weight
before and after the printing process (foil dried). This is the only method to obtain the
loading of each sample, since the printer does not give you the loading, and the degradation
of the cartridges can affects the loading, making impossible to obtain an accurate value from
the number of layers printed. It is necessary to print on foil since the membrane absorbs the
solvents and would give us a wrong loading value.
To obtain an idea of the value of the cell resistance, electrochemical impedance spec-
troscopy (EIS) was used. The resistance of a sample with 1.2mg/cm2 in the anode and
1mg/cm2 in the cathode was calculated after testing it. Galvanostatic EIS and Potentio-
static EIS were performed. For the galvanostatic process a start frequency of 10000 Hz and
a end frequency of 1 Hz were set. An amplitude of 10000 (uA RMS), 50 points per decade
and a DC of 0.4 A were used. Figure 3.1 shows the results. Analyzing the data, a resistance
of 22.23 ohms was obtained (intersection with the real axis).
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Figure 3.1 – Galovanostatic EIS
For the potentiostatic process an start frequency of 10000 Hz and a end frequency of 100
Hz were set. An amplitude of 1 (uA RMS), 100 points per decade and a potential of 0.5 V
were used. Figure 3.2 shows the results. Analyzing the data, a resistance of 24.37 ohms was
obtained (intersection with the real axis).
Figure 3.2 – Potentiostatic EIS
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To further characterize the samples, scanning electron microscopy (SEM) was used. Using
this technique images with a resolution of 10 nm were obtain. The purpose of using this
technology was to characterize the particles disposition, the surface properties (cracks, holes)
and the thickness (which involves porosity). The results are presented and discussed in
section 3.7.
3.3 Effects of Operation Conditions
3.3.1 Introduction
In most cases, in design of experiments, it is necessary to do a previous study to plan ahead
the future work and discover the levels in which it is interesting to do the study. Doing a
brief study of collateral parameters that might effect can be of great importance. In this
way we can reduce the noise caused for undesired effects. Understanding all this factors will
allow us to perform proper test and to understand better the results.
As explained in section 2.3 Testing Procedure, the mass transport region was not studied
for safety reasons. Even so, a test was performed up to current densities of 4 A/cm2 in order
to find in which range the mass transport loses were appearing. In Figure 3.3 the result is
presented. The three different zones of the polarization curves can be identified.
Figure 3.3 – Polarization curve regions
Once observed this phenomenon, we can deduce that for studying the activation and
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ohmic loses, it will be enough to run the tests up to 2 A/cm2.
To ensure that no corrosion and crossover is affecting significantly the results, an oxygen
sensor was placed in the hydrogen output of the cell. A value of 0.00 % of oxygen was
obtained.
3.3.2 Degradation Study
Comparing the results with previous studies using the same electrolyzer and electrodes, a
greater degradation in the performance in between runs was observed (Figure 3.4). Each
point in Figure 3.4a was recorded after 2 min (assuming steady state has been reached after
2 min). Each point in Figure 3.4b was obtained after 4 min hold.
Figure 3.4 – a) two min hold and b) 4 min hold
In order to understand better what is causing the degradation and to see if it is permanent
or just a transient state, a cell was tested for 13 hours. Figure 3.5 shows the results. The cell
was conditioned 15 min at 0.1 A, 15 min at 0.5 A and 15 min at 1 A. After that a current
density of 1 A/cm2 was applied for 9h. Subsequently a current density of 0.1 A/cm2 was
applied during 10 min. Applying again 1 A/cm2 for two hours, the degradation persisted.
While applying 0 A/cm2 for 10 min some of the degradation was temporary released. A
degradation 100 mV was observed after 10 operating hours.
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Figure 3.5 – Steady state
It seems difficult to understand what is causing the degradation. Quantify it can be an
improvement in this field. To observe the effect of drying the membrane and standing it for
several hours was considered of great interest. Thus, a cell was fabricated and conditioned 1
hour at 1 A/cm2. Afterwords a current of 1A/cm2 was applied for 8 hours. The water of the
cell was removed by blowing air trough the channels for 2 min and, consequently, stopped
for 13 hours. This process was repeated 5 times (See Figure 3.6).
Figure 3.6 – Effect of the degradation over time
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It can be easily seen that drying the cell leads to a full recovery of the voltage, there-
fore, the degradation is completely recoverable. The results show also a certain variability.
Making an assumption, we could consider a polymer membrane like an spaghetti dish, where
depending on the fibers orientation, the performance is one or another, where long hours of
functioning changes the fibers orientation. Another hypothesis could be that bubbles or/and
ions are continuously accumulating in the cell. It is proved in Figure 3.6 that the degradation
does not present history. Thus, it would be interesting to find a way to release this temporal
degradation. Also in Figure 3.6 it can be seen that drying the electrode works. The prob-
lem of this solutions is the time consumption. Circulating water through the anode while
no current is applied helped temporary to remove the degradation observed (3.5. Another
prove of this fact was obtained in the experiment explained below. 3 Runs were performed
to a sample. in between Run1 and Run2 no pause was applied to the cell. Also Run2 was
performed from high current densities to low current densities. In contrast, in between Run2
and Run3 no current was applied for 5 min. Between the end of Run2 and beginning of
Run3 a significant improvement in performance was observed. In this way, it was proved
that applying no current and circulating water helped to decrease the degradation.
In conclusion, it is difficult to remove this degradation in a fast way. Applying no current
temporary works, but do not release completely the degradation. Drying completely the
sample gives better results but at the same time takes more time and increase the complexity
of the system. In order to provide constant results, in this thesis, all the polarization curves
are obtained using a 5 min hold.
3.3.3 Feeding System Study
Since the experimental setup has a closed water circuit, it was considered as a possible
reason of the degradation. A test was performed with a open water circuit. No differences
were observed.The pH of the water was also studied over time. No consistent results were
obtained. Table 3.2 shows the results.
Table 3.2 – pH over time
Time [h] 0 1 2 3 4
pH 7.21 8.24 7.52 8.66 8.12
A possible increase in the pH over time led us to try using an acidic solution instead
of neutral de-ionized water. A HCl solution with pH 4 (0.0001 M) water was prepared. A
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sample was tested with acidic water and, subsequently, with neutral de-ionized water. The
results do not show many differences. The comparison is presented in Figure 3.7.
Figure 3.7 – Comparison with using De-ionized water and ph4 HCl Solution
Only one test was performed, so no final conclusions could be obtained. Since not much
differences were observed and the test decreased the performance, it was decided to keep the
research in other directions.
In order to further check if the feeding system was the cause of the degradation, circulating
air through the anode bipolar plate during several seconds was tested (at 1A/cm2). Figure
3.8 shows that part of the degradation is temporary released. At the same time, an interest-
ing phenomenon was observed. An increase in the performance during around 30s. While
pumping air and with the membrane still humidified, a remarkable performance improve-
ment was observed. Seconds later, the membrane runs out of water and the cell voltage
quickly degrades. When circulating water again trough the anode channels, the performance
increases during a few seconds until the membrane is flooded again. This phenomenon might
be a result of an easier way for the oxygen produced in the OER reaction to scape. No oxygen
bubbles can be produced since no water is in the channels. This phenomenon could be used
as a way to increase the performance. This simple test shows that the way of feeding the cell
is not optimum. A possible cause of this phenomenon could be oxygen bubbles remaining
in the anode preventing water from flooding the cathode.
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Figure 3.8 – Pumping air for a certain time
3.4 IrO2 Loading Study
The anode catalyst loading effect was studied by fabricating CCMs with the same cathode
loading and three different anode loadings, 0.5, 1.1 and 1.7 mg IrO2/cm
2. THese loadings
correspond to 10,17 and 25 inkjet printed layers using 33 V in the nozzles. Figure 3.9 shows
the results for a Nafion R© loadings of 2% wt. An increase in loading results in an increase in
performance.
Figure 3.9 – Loading effect for 2 %wt Nafion R© ink
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Figure 3.10 shows that the same trends as in Figure 3.9 when the Nafion R© loading is 5
%wt. High catalyst loadings presented also better performances.
Figure 3.10 – Loading effect for 5 %wt Nafion R© ink
In contrast to the first two cases, Figure 3.11 shows that an increase in the catalyst
loading leads to a reduction in performance for the 10% wt Nafion R© case. Since the Nafion R©
loading in this case is high, it points out that there is an optimum between the catalyst and
electrolyte loading. In the next section 3.6, this phenomenon is further explained and an
hypothesis that could explain the effect is presented.
Figure 3.11 – Loading effect for 10 %wt Nafion R© ink
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3.5 Nafion R© Loading Study
In order to find the optimum amount of Nafion R© loading, three different inks with 2, 5, and
10 % wt Nafion R© were fabricated as mentioned before.
Figure 3.12 shows the results for the low catalyst loading case. Using 2% Nafion R© gives
the best performance.
Figure 3.12 – Electrolyte loading effect at low catalyst loadings
In Figure 3.13 the results for medium catalyst loading case are presented. Using 2%
Nafion R© gave also the best performance and 10% Nafion R© the worst.
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Figure 3.13 – Electrolyte loading effect at medium catalyst loadings
At high loadings 2% Nafion R© presented also better results. In contrast, an interaction
with catalyst and electrolyte loading can be observed for the 10% Nafion R© curve.
Figure 3.14 – Electrolyte loading effect at high catalyst loadings
After all, 2% Nafion R© presented a better performance in both activation and ohmic
regions for in all cases.
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3.6 Catalyst and Electrolyte Loading Effect Compari-
son and Discussion
A summary of the results of the 9 different types of samples tested can be seen in Figure
3.15. It presents the cell voltage at 1A/cm2 versus the catalyst loading for the different
electrolyte loadings.
Figure 3.15 – Cell voltage at 1 A/cm2 at different loadings and ink compositions
The CCMs with high loadings 2% Nafion R© achieved better performance. Higher loadings
could result in a better efficiency in the electrolysis process, as an optimum catalyst loading
could not been found for 2% and 5% Nafion R©.
For the 10 % Nafion R© the trends obtained with loading is different from the other two
cases. Based on observation a possible theory that could explain the phenomenon is presented
below.
SEM reveled that, when using an inkjet printing for the fabrication process with 33V in
the nozzles, the thickness of the electrode was not proportional to the catalyst loading. For
high loadings, the density of the electrode structure increases [24]. It might led to a decrease
in the porosity for high loadings. Figure 3.16 is a graphic representation of this idea. Using
the same ink composition, at high loadings, an smaller size of the pores is estimated.
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Figure 3.16 – Catalyst loading effect in the electrode structure
Figure 3.17 represents an hypothetical representation of the electrolyte loading effects.
Since the IrO2 particles are solid and the Nafion
R© is in a colloidal state, this can occupy the
spaces in between the iridium oxide particles without modifying its general structure.
Figure 3.17 – Electrolyte loading effect at high catalyst loadings
When using high catalyst loading with high Nafion R© content, the effects are combined.
It might result to a significant decrease in the pores size. It could effect the transportation
of the species through the electrode and reduce its active are. It could explain the increase
of the cell voltage observed.
3.7 Effect of Printing Method
As seen in the previous chapters, higher porosity in the electrodes leads to a better per-
formance. Fabricating electrodes with a higher thickness wile reducing the loading could
result in a improved porosity. An option for this approach could be to do not degas the inks
produced. In such a way, the gas dissolved in the ink can become pores. The drawbacks of
doing that is the difficulties of printing. An alternative option is to print a greater amount of
layers applying less ink per layer. In such a way the different layers could be deposited more
spaced involving a high porosity and thickness. The printer used for the fabrication of the
electrodes enables to control the nozzles voltage, leading to a control of the drops shapes. In
Figure 3.18 it is presented the images of the drops for different nozzles voltages.
To understand how the voltage of the nozzles affects the catalyst loading, 10 layers were
printed using different voltages in the nozzles. Figure 3.19 shows the loading of the 10 layer
33
Figure 3.18 – Effect of the nozzles voltage in the droplets shape
electrodes printed with different voltages. Decreasing the voltage results in a decrease in the
IrO2 loading. It points out that we can print layers using less ink.
Figure 3.19 – Effect of the nozzles voltage in the loading (10 layers)
To figure out if printing with smaller droplets can affect the thickness of the electrode,
4 samples with the same loading were prepared using 33, 25, 21 and 17V in the nozzles.
Note that using less than 15V the nozzles clogged (15-17V depending on the cartridge). The
samples were freeze-fractured using nitrogen liquid. With this method a clean cut can be
obtained preserving the structure and thickness. Scanning electron microscopy (SEM) was
used to obtain images of the thickness (Figure 3.20).
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Figure 3.20 – Thickness of the samples. a) 10 Layers, b) 20 Layers, c) 30 Layers, d) 40 Layers
Using the software ImageJ the thicknesses of the electrodes were estimated doing the
average of 14 different points. Images in different parts of the samples and at different mag-
nifications were studied. Because the samples were not perfectly prepared, proper images
could not be obtained. It can be seen that the images are not taken precisely perpendicular
to the thickness. In Table 3.3 a summary of the results of the images is presented.
Table 3.3 – Thickness analysis
Nozzle Voltage [V] a) 33 b) 25 c) 21 d) 17
Number of Layers 10 20 30 40
Loading [mg/cm2] 0.81 1.13 1.29 1.21
Loading/Layers [(mg/cm2)/layer] 0.0810 0.0565 0.0430 0.0303
Thickness [µm] 1.41 2.66 2.68 2.29
Thickness/Loading [(µ/(mg/com2)] 1.74 2.35 2.08 1.89
It is shows that this technique increases the thickness. A precise and consistent quantifi-
cation of this gain could be achieved. Images of the surface of the electrodes where also taken
using SEM. Significant differences could not be observed in the macrostructure. Figure 3.21
shows the images obtained.
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Figure 3.21 – Surface of the samples. a) 10 Layers, b) 20 Layers, c) 30 Layers, d) 40 Layers
In Figure 3.22 a comparison of the particles disposition is presented. It is difficult to
obtain conclusions without any imaging tool. Preparing better samples to obtain proper
images could also help to obtain conclusions. Even though, less cracks were observed at high
layers.
Figure 3.22 – Particles distribution. a) 10 Layers, b) 20 Layers, c) 30 Layers, d) 40 Layers
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With the ultimate aim of increasing the performance while reducing the amount of noble
metals used, two samples of 30 layers and approxymately 1.1mgIrO2/cm
2 were fabricated
with an old cartridge at 33V. Figure 3.23 shows the results obtained. It confirms that
printing thinner layers improves the performance. For a new cartridge it can be achieved by
reducing the voltage.
Figure 3.23 – Effect of the layers in the performance
Watching this plot, it can be deduced the importance and potential of the printing
process. The manner of how the particles are deposited have a substantial effect in the
efficiency. The efficiency can be defined as the useful energy divided by the energy used. For
a same value of current, it can be expressed as:
η =
E0
Vcell
(3.1)
Using equation 3.1 at cell voltage value of 1 A/cm2, we obtain an efficiency of 70.8%
in the first case and 74.5% in the second case. This reflects the importance of the printing
process and points out, at the same time, the significant improvement achieved.
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3.8 Comparison with Previous Work
In order to compare the result with literature, Figure 3.24 was done. It shows the improve-
ment achieved during this research. While comparing the polarization curve with the best
results in literature, it reveals that inkjet printing method is close to obtain the best results.
Using SnO2, at present, gives better results. Adding this polymer to our ink fabrication
could lead to a better results. Curve g) shows the better results obtained in the lab, using
1.1 mg/cm2 loading while printing 30 layers.
Figure 3.24 – Comparison of the results with published polar-
ization curves operating with Ir anode, Pt cathode and
Nafionof the catalyst loading and the electrolyte loading were studied. To studyd membrane.
a) [2] (with Stannic Oxide), b) [2], c) [3], d) [4], e) [5] (with Stannic Oxide), f)
best previous result in the lab, g) actual best result in the lab
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Chapter 4
Conclusion and Future Work
4.1 Conclusion
Along this thesis a comprehensive study in polymer electrolyte membrane electrolysis has
been conducted. In summary form, the accomplishments can be outlined in three different
points:
• A software for automating the conditioning and testing process was satisfactory
developed. It resulted in a better repeatability and reliability of the results.
At the same time, it enabled to save time and observe phenomenons that were
previously not possible to see.
• Consistent results about the catalyst and electrolyte loading effects were achieved.
Obtaining a better efficiency using 2% wt Nafion loading. This result differs from
all the literature available up now. This must be an effect of the printing process,
since no information has been reported using inkjet printing in PEM electrolysis.
• A significant improvement in the performance was achieved modifying the fabri-
cation process. Using a lower voltage in the nozzles, results in a decrease on the
amount of ink used per layer printed, which allows to print layers using less novel
metals. It was proven that fabricating electrodes printing thinner layers leads to
a significant improvement in the electrolysis efficiency.
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4.2 Future Work
Regarding the observations and experiments performed along this thesis, some future work
that would be interesting to do is described below:
• Optimize the printing process. This thesis pointed out the importance of this stage in
the fabrication process. Quantify the effect of the nozzles voltage could be a first step.
The drying process plays also an important role in the performance. Printing different
layers in perpendicular directions and setting a higher hold time (15 min) in between
layers, could lead to a increase in performance.
• Improve the feeding system. A relevant improvement can be obtained with a small
but appropriated modification. It was proved that the actual system used is not well
suited. Using a different anode bipolar plate, humidified gas, vapor, or a continuous
permutation gas-water could be interesting tests to be performed.
• Enhance the ink. Different studies reported in literature show that adding substances as
SnO2 gave better results than using pure IrO2. Decreasing the iridium oxide particles
size could also simplify the printing process and increase the active area of the electrode.
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